INTRODUCTION

S t r u c t u r e s w i t h consecutive asymmetric c e n t e r s o f t e n appear i n n a t u r a l products, e s p e c i a l l y , o f p o l y k e t i d e o r i g i n , such as macro1 ides, macrolactams, p o l y e t h e r s etc. Because o f t h e importance o f these n a t u r a l products from t h e s t r u c t u r a l and b i o l o g i c a l p o i n t s o f view, much e f f o r t was d i r e c t e d t o t h e i r synthesis, wherein t h e s t e r e o c o n t r o l l e d c o n s t r u c t i o n o f consecutive asymmetric c e n t e r systems was one o f t h e c r u c i a l tasks. However, most o f these studies have been focused on t h e syntheses o f t h e s t r u c t u r e s having p a r t i c u l a r c o n f i g u r a t i o n s , namely, those o f n a t u r a l ones, and o n l y a few general methodologies were developed which enabled t h e s y n t h e s i s o f any c o n f i g u r a t i o n s o t h e r than those o f n a t u r a l compounds, though i t was considered t o be q u i t e meaningful f o r t h e e l u c i d a t i o n o f s t r u c t u r e -b i o l o g i c a l a c t i v i t y r e 1 a t i o n s h i p.
Recently, we developed new methodologies, z i r c o n i u m mediated z , L -s e l e c t i v e and t i t a n i u m mediated s x , E -s e l e c t i v e [2, 3] sigmatropic rearrangement o f e s t e r e n o l a t e s and syns t e r e o s e l e c t i v e e p o x i d a t i o n o f @-methyl h o m o a l l y l i c alcohols. considered t o p r o v i d e q u i t e u s e f u l means f o r t h e syntheses o f p o l y k e t i d e n a t u r a l products, and some a p p l i c a t i o n s r e l a t e d t o t h e s y n t h e s i s o f compounds having consecutive asymmetric c e n t e r s were undertaken as described below.
These methodologies were
ZIRCONIUM MEDIATED [2,31SIGMATROPIC REARRANGEMENT
Recently we developed t r a n s -2 , 5 -d i s u b s t i t u t e d p y r r o l i d i n e c h i r a l a u x i l i a r i e s , i n which C2-symmetry and t h e p e r i p l a n a r i t y o f five-membered r i n g s t r u c t u r e were combined, and showed t h a t t h e y were q u i t e e f f e c t i v e f o r a wide v e r i e t y o f asymmetric r e a c t i o n s , such as a -a l k y l a t i o n o r a c y l a t i o n o f c a r b o x y l i c a c i d s and t h e i r d e r i v a t i v e s , a l d o l condensation, and D i e l s -A l d e r r e a c t i o n , w i t h h i g h e n a n t i o s e l e c t i v i t y . The method was s u c c e s s f u l l y a p p l i e d t o [2, 3 l s i g m a t r o p i c rearrangement o f a l k e n y l o x y a c e t i c a c i d amide e n o l a t e s i n t o @-alkyl-ahydroxy-y-unsaturated amides, and found t h a t t h e y a l s o proceeded w i t h h i g h enantio-and ud i a s t e r e o s e l e c t i v i t y , when z i r c o n i u m e n o l a t e s o f g-a1 kenyloxy s u b s t r a t e s were used. s e l e c t i v i t y seemed t o a r i s e from a c h e l a t e s t r u c t u r e o f t h e enolate, and, t h e r e f o r e i t was considered t h a t t h e s e l e c t i v i t y was n o t c o n f i n e d t o amide e n o l a t e s b u t a l s o expected from t h e corresponding esters. 
The
h i r a l i t y t r a n s f e r (>96% ee) was observed besides t h e h i g h = -s e l e c t i v i t y .
The most s t r i k i n g outcome o f t h i s rearrangement was, however, t h e e x c l u s i v e formation o f .L-double bond i n t h e products, because i t had been accepted t h a t sigmatropic rearrangement u s u a l l y e x h i b i t e d E -s e l e c t i v i t y .
The unusual -s e l e c t i v i t y was explained as follows.
Because o f t h e c o o r d i n a t i o n o f t h e e t h e r oxygen t o zirconium atom, t h e t r a n s i t i o n s t a t e o f t h e rearrangement took a dioxazirconabicyclo[3,3,0]octene l i k e s t r u c t u r e as i l l u s t r a t e d by Fig. 1 , where t h e s u b s t i t u e n t R occupied a s t e r i c a l l y favored =-position, l e a d i n g t o t h e formation o f t h e tdouble bond.
Fig. 1. T r a n s i t i o n s t a t e l e a d i n g t o -2-double bond formation
TITANIUM MEDIATED [2,3]SIGMATROPIC REARRANGEMENT
Then we proceeded t o t h e rearrangement o f another t y p e o f substrates (3, n=1, 2 , o r 3), w i t h an oxygen f u n c t i o n a l i t y a t a d i f f e r e n t chain l e n g t h p o s i t i o n on t h e e t h e r alkenyls, hoping t h e formation o f stereodefined u-oxygenated a-hydroxy-6-methyl-y-unsaturated esters, 9 o r 5
( r e f . 2).
These products c a r r i e d two d i f f e r e n t oxygen f u n c t i o n a l i t i e s , benzyl e t h e r and ester, t h e y were considered t o serve as v e r s a t i l e synthons f o r f u r t h e r s i t e s e l e c t i v e t r a n s formations. 
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Although t h e rearrangement o f l i t h i u m enolate o n l y showed poor t o moderate s t e r e o s e l e c t i v i t y i n a l l cases, t h e a d d i t i o n o f zirconocene d i c h l o r i d e t o l i t h i u m enolates gave h i g h s m -and -Z -s e l e c t i v i t y f o r t h e substrates o f n=2 and 3. However, f o r t h e s u b s t r a t e o f n=l, t h e r a t i o o f t h e w,z-t o t h e m , E -i s o m e r was 1:1.5, e x h i b i t i n g an obvious t r e n d t o E-double bond formation, r e s u l t i n t h e f u r t h e r enhancement o f E -s e l e c t i v i t y . d i c h l o r i d e t o t h e l i t h i u m enolate remarkably improved t h e E -s e l e c t i v i t y t o 58:l. The formation o f E-double bond i n t h e products o f t h i s rearrangement i s considered t o be due t o t h e h i g h Lewis a c i d i t y o f t i t a n i u m . The strong c o o r d i n a t i o n o f benzyloxyl oxygen t o t i t a n i u m as shown by Fig. 2, i s considered t o promote t h e otherwise d i s f a v o r e d &-orientation
o f t h e benzyloxymethyl s u b s t i t u e n t on a dioxatitanabicyclooctene l i k e t r a n s i t i o n state, r e s u l t i n g i n t h e predominant formation o f t h e W E -i s o m e r .
This r e s u l t suggested t h a t t h e use o f more oxygenophilic t i t a n i u m i o n would As a fact, t h e a d d i t i o n of titanocene 6 (79% e e ) 7 (79% eel
Fig. 2. T r a n s i t i o n s t a t e leading t o -E-double bond formation
The t i t a n i u m mediated rearrangement o f an o p t i c a l l y a c t i v e s u b s t r a t e 6, bearing a c h i r a l c e n t e r a t t h e a l l y 1 e t h e r carbon atom, l e d t o 1 w i t h a h i g h c h i r a l i t y t r a n s f e r , where t h e sense o f asymmetric i n d u c t i o n was opposite t o t h a t observed i n t h e above zirconium mediated rearrangement o f t h e alkenyloxy esters, supporting t h e proposed t r a n s i t i o n s t a t e represented by Fig. 2 .
New methodologies for the synthesis of natural products 41 5 The s t a r t i n g m a t e r i a l i n t h e s e r i e s , i s o p r o p y l ~,~-2 -h y d r o x y -3 -m e t h y l -4 -n o n e n o a t e 9, was r e a d i l y p r e p a r e d i n q u a n t i t y b y t h e above z i r c o n i u m m e d i a t e d rearrangement f r o m an a l l y e t h e r
GENERAL CONSTRUCTION OF FOUR CONSECUTIVE ASYMMETRIC CENTERS
F o r t h e s t u d y on t h e
A l t h o u g h t h e e x p e r i m e n t s were c a r r i e d o u t w i t h r a c e m i c m a t e r i a l s t h r o u g h o u t t h e work
, i t i s o b v i o u s t h a t t h e s y n t h e s i s w i t h o p t i c a l l y a c t i v e compounds i s a l s o f e a s i b l e because o p t i c a l l y a c t i v e a l l y l i c a l c o h o l s n e c e s s a r y f o r t h e p r e p a r a t i o n o f 8 a r e r e a d i l y a v a i l a b l e b y v a r i o u s methods, by, f o r example, K a t s u k i -S h a r p l e s s k i n e t i c r e s o l u t i o n o f secondary a l l y 1 a l c o h o l s . The compound 9 was t r a n s f o r m e d i n t o a * , l -h o m o a l l y l i c a l c o h o l 11 b y a sequence o f c o n v e n t
i o n a l r e a c t i o n s , THP p r o t e c t i o n o f h y d r o x y l group, LAH r e d u c t i o n o f e s t e r , m e s y l a t i o n o f t h e r e s u l t i n g a l c o h o l , removal o f THP p r o t e c t i o n , a l k a l i t r e a t m e n t t o an e p o x i d e 10, and l i t h i u m d i b u t y l c u p r a t e t r e a t m e n t , w i t h 50% o v e r a l l y i e l d , The a n t i , Zh o m o a l l y l i c a l c o h o l 12, was o b t a i n e d a l s o from t h e same s t a r t i n g m a t e r i a l 2 b y a sequence o f r e a c t i o n s , m e s y l a t i o n , r e d u c t i o n , base t r e a t m e n t , and c u p r a t e t r e a t m e n t , w i t h 47% o v e r a l l y i e l d . manner s t a r t i n g f r o m i s o p r o p y l ~,~-2 -h y d r o x y -3 -m e t h y l -4 -h e x e n o a t e .
The w-and a n t i -h o m o a l l y l i c a l c o h o l s i n t h e o t h e r s e r i e s were p r e p a r e d i n a s i m i l a r 
S y n t h e t i c sequence t o f o u r d i a s t e r e o m e r s o f d i m e t h y l t r i d e c a n e d i o l F i g . 3. C o n f o r m a t i o n o f B-methylhomoal l y l i c a l c o h o l Here, t h e p r e s e n t approach needed t h e e p o x i d a t i o n o f t h e s e h o m o a l l y l i c a l c o h o l s b o t h and syn-fashion. The e p o x i d a t i o n o f 8 -m e t h y l h o m o a l l y l i c a l c o h o l s t o t h e e p o x i d e s i n i n antiw h i c h t h e epoxy group had an a n t i -s t e r e o c h e m i s t r y w i t h r e s p e c t t o B-methyl group, had a l r e a d y been e s t a b l i s h e d by M i h e l i c h e t a l . by u s i n g vanadyl c a t a l y z e d t_-butylhydroperoxide o x i d a t i o n (ref.4).
For o u r substrates, 1?. and l3, i 5,7-dimethyl-6,8-tridecanediol 18, 12 , 20,
n t h i s s e r i e s and two s u b s t r a t e s i n t h e o t h e r series, t h e method proceeded w i t h h i g h d i a s t e r e o s e l e c t i v i t y (>30:1). On t h e o t h e r hand, however, no good method had been developed f o r t h e *-epoxidation. On c o n s i d e r i n g t h e conformation o f 6 -n e t h y l h o m o a l l y l i c a l c o h o l s i n t h e above a n t i -e p o x i d a t i o n as shown b y Fig.
3, where t h e attachment o f t h e c a t a l y s t metal o n t o t h e hydroxyl oxygen promoted t h e o x i d a t i o n from t h e upper face o f t h e double bond. Therefore, i t was thought t h a t i f t h e hydroxyl group was p r o t e c t e d by a v e r y b u l k y group and i f a p o o r l y o x y g e n o p h i l i c metal o x i d a n t was used, e p o x i d a t i o n from t h e bottom f a c e would t a k e place. Some experiments were c a r r i e d o u t along t h i s l i n e w i t h t r i
f e r r e d t h e hydroxyl group p r o t e c t e d form w h i l e a n t i -e p o x i d e s t h e non-protected form. formed by t h e rearrangement of epoxide group. The major by-product was 6-hydroxyketones
SYNTHESIS OF KISHI'S INTERMEDIATE FOR THE SYNTHESIS OF RlFAMYClN S
The p r a c t i c a b i l i t y o f t h e above s t r a t e g i e s suggested a simple r o u t e t o t h e successive a d d i t i o n o f two consecutive asymmetric c e n t e r s o f m -t y p e by r e p e a t i n g t h e epoxide r i n g opening w i t h a & -v i n y l anion e q u i v a l e n t f o l l o w e d by s t e r e o s e l e c t i v e r e e p o x i d a t i o n as shown
i n Scheme 2.
Scheme 2 OH d R ' W R OH OH
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OH OH OH
Successive a d d i t i o n o f two consecutive asymmetric c e n t e r s
As an example o f t h i s approach, t h e s y n t h e s i s o f t h e K i s h i ' s i n t e r m e d i a t e s y n t h e s i s o f r i f a m y c i n S w i l l be described n e x t ( r e f . 7). Scheme 3.
( r e f . 6 ) f o r t h e The s y n t h e t i c sequence i s shown by (continued on n e x t page) 
SYNTHESIS OF IRELAND ALCOHOL
As am a p p l i c a t i o n o f t h e t i t a n i u m mediated [2, 3] sigmatropic rearrangement, t h e s y n t h e s i s o f so-called I r e l a n d a l c o h o l 44 i s described n e x t ( r e f . 10). The compound was synthesized by I r e l a n d e t a l . ( r e f . 11) as an i n t e r m e d i a t e f o r t h e s y n t h e s i s o f t i r a n d a m y c i c acid, a degradation p r o d u c t o f an a n t i b i o t i c tirandamycin i s o l a t e d from Streptomyces t i r a n d a r i s . synthesis s t a r t e d w i t h i s o p r o p y l (2,3-~,4~)-6-benzyloxy-2-hydroxy-3-methyl-4-hexenoate 3 r e a d i l y prepared by t h e above rearrangement. The e s t e r 39 was hydrolysed and then subjected t o i o d o l a c t o n i z a t i o n t o g i v e 3. The t r e a t m e n t o f 40 w i t h methanolic sodium carbonate gave an epoxide 4 J .
A f t e r t h e THP p r o t e c t i o n , r e d u c t i o n , and p i v a l o y l a t i o n t o t h e compound 2, 
